We implement the wavelength locked Fabry-Perot laser diode (F-P LD) using a new broadband light source (BLS) based on the mutually injected F-P LDs. We demonstrate colorless operation of optical network termination (ONT) according to reflectivity of F-P LD and modulation formats.
Introduction
The passive optical network (PON) based on wavelength division multiplexing (WDM) has been investigated extensively for the fiber-to-the-home (FTTH) since it is attractive to provide almost unlimited bandwidth to the subscribers with the protocol and the bit rate transparencies. Recently, the wavelength locked Fabry-Perot Laser Diode (F-P LD) with external spectrum sliced broadband light injection was proposed for the cost-effective WDM source [1] . It is very effective solution to reduce the installation and management costs, since the optical network termination (ONT) can be operated wavelength-independently, i.e., colorless operation [2] . To implement WDM-PON based on wavelength locked F-P LD, a low cost broadband light source (BLS) is essential. The BLS can be realized with a light emitting diode (LED), a superluminescent diode (SLD), or an amplified spontaneous emission (ASE) source based on EDFA. The LED doesn't provide enough output power and the others are still expensive solution even though they can provide much higher output power compared with the LED.
In this paper, we implement the cost-effective BLS using the mutually injected F-P LDs and the wavelength locked F-P LD by injecting the proposed BLS [3] . Then, we investigate colorless operation of ONT for different front facet reflectivities and modulation formats.
Experimental Results
The cost-effective BLS based on mutually injected F-P LDs is shown in a dotted box of Fig. 1 . The reflectivity of the front facet and the mode spacing of the F-P LD 1 and 2 are 1 % and 100 GHz, respectively. The fiber length between the two F-P LDs is 50 cm. We realized an unpolarized BLS by polarization multiplexing with two polarization controllers (PCs) and a polarization beam splitter (PBS). By mutual injection between two F-P LDs, we realized a broad linewidth of 0.2 nm and a low relative intensity noise (RIN). Fig. 2(a) shows the measured optical spectra of F-P LD 1 and 2. By mutual injection, BLS output looks like the spectrum sliced broadband light as shown in Fig. 2(b) . We measured the RIN of a filtered BLS mode and compared it with a single mode of the ARcoated solitary F-P LD output and a spectrum sliced ASE from a conventional BLS based on EDFA as shown in Fig. 2(c) . Here, we matched the 3-dB bandwidth of two BLSs, i.e., the spectrum sliced EDFA output and a single mode of BLS by mutual injection. A filtered mode of BLS by mutual injection shows the considerably suppressed RIN characteristic compared with the single mode of the solitary F-P LD output. The suppressed RIN is also lower than RIN of the spectrum sliced ASE. We measured the almost same RIN characteristic for each mode of the mutually injected laser output whose power is within 10 dB from the peak intensity. However, there is 1/f noise component within a few MHz region. Thus, it is better to use a modulation format that has no signal component within a few MHz range like as Manchester coded data. We compared the electrical spectrum of Manchester code with the NRZ data as shown in Fig. 2(d) . Experimental setup to investigate the characteristics of wavelength locked F-P LD with injection of the proposed BLS is shown in Fig. 1 . The BLS output was amplified by an EDFA and transmitted through 20-km single-mode fiber (SMF). Then, it was filtered by the arrayed-waveguide grating (AWG) and injected into a F-P LD located at the ONT. The channel spacing of the AWG is 100 GHz. The F-P LDs at the ONTs have the mode spacing of 0.6 nm and the front facet reflectivity of 1 % or 0.1 %. We use another AWG at central office (CO) for optical demultiplexing. The F-P LD was modulated with the NRZ data or the Manchester coded data. For both modulation formats, we maintain the signal data rate at the same rate of 100 Mb/s, i.e., the transmitted bit rate of the Manchester coded data is equivalent to 200 Mb/s NRZ data. For Manchester coded data, we used a band-pass filter at the receiver to remove the 1/f noise in the transmitted signal. The low frequency cut-off of the BPF was optimized at 0.8 MHz for the best sensitivity (-31.8 dBm) at BER of 10 -10 .
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We examined the sensitivity at BER of 10 -10 (solid markers) and the signal power of wavelength locked F-P LD (hallow markers) as a function of the detuning. The detuning is defined as the difference between injection wavelength (λ BLS ) and the lasing wavelength of LD mode (λ LD ). When the front facet reflectivity of F-P LD at ONT is 1 %, only Manchester coded data shows the colorless operation as shown in Fig. 3(a) . It means we can achieve BER less than 10 -10 within the whole detuning range of 0.6 nm that is the mode spacing of the F-P LD. The required injection power was -13 dBm. For the NRZ data, BER of 10 -10 was observed within the limited range of detuning. Even though we increased injection power up to -8 dBm, and -1 dBm at 100-Mb/s NRZ, and 200-Mb/s NRZ, respectively, colorless operation was not achieved. However, we observed the improved results by using a F-P LD with the front facet reflectivity of 0.1 % at ONT. As shown in Fig. 3(b) , both Manchester coded data and NRZ data show colorless operation. The sensitivity differences at each modulation format are 2 ~ 2.5 dB. Here, the required injection powers (total power) were -16 dBm, -11 dBm, and -4 dBm at 100-Mb/s Manchester, 100-Mb/s NRZ, and 200-Mb/s NRZ, respectively. For Manchester coded data, the required injection power was decreased by 3 dB compared with 1 % AR-coated F-P LD case. Therefore, we can minimize the required injection power by using a F-P LD with the reflectivity of 0.1 % at ONT and using Manchester coded data as a modulation format.
Discussion and Conclusion
When we consider 12 dB link loss (fiber loss of 6 dB (0.3 dB/km x 20), AWG loss of 5 dB and circulator loss of 1 dB), the required BLS power for 32-channel WDM-PON using 0.1 % AR-coated F-P LD and Manchester coded data can be estimated to be about 11 dBm (-16 dBm (required injection power) + 12 dB (link loss) + 15 dB (for 32 channels)). The required bandwidth of the BLS will be 26 nm for 100 GHz channel spacing. It can be realized by mutual injection with the high power F-P LD with the broad gain spectrum. The 3 dB bandwidth of the injected light (0.2 nm) is less than 3 dB bandwidth of an AWG with 50 GHz channel spacing. Thus, it may be possible to achieve the colorless operation with 50 GHz channel spacing. The results will be published elsewhere.
In conclusion, we demonstrated the colorless operation of ONT with the injection of cost-effective BLS based on mutually injected F-P LDs. By using a F-P LD with the front facet reflectivity of 0.1 % and Manchester coded data, we showed a possibility of colorless operation at the injection power of -16 dBm. The proposed BLS based on the mutually injected F-P LDs may be very useful to realize a cost effective WDM-PON.
